(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 

(19) World Intellectual Property 
Organization 

International Bureau 



(43) International Publication Date 
22 December 2005 (22.12.2005) 



PCT 



(10) International Publication Number 

WO 2005/121415 Al 



i Clas 



cation 7 : C30B 9/00, 29/00 



(51) International Pat< 

(21) International Application Number: 

PCT/JP2O05/O11093 

(22) International Filing Date: 10 June 2005 (10.06.2005) 

(25) Filing Language: English 

(26) Publication Language: English 



11 T une 20 04 (11 . 0 6.20 04) EL 



Robert [PL/PL] ; ul. Zgrupowania Zmija 23/12, PL-01875 

Warsaw (PL). DORADZINSKI, Roman [PL/PL]; ul. 
Belgradzka 4/115, PL-02793 Warsaw (PL). GARCZYN- 
SKI, Jerzy [PL/PL]; ul. Bacz.ynskiego 20/7, PL-05092 
Lomianki (PL). SJERZPUTOWSKI, Leszek [PL/US]; 
304, Huntington Koad, Union, New Jersey, 070837944 
(US). KANBARA, Yasuo [JP/JP]; c/o NICHIA COR- 
PORATION, 491-100, Oka, Kaminaka-cho, Anan-shi, 
Tokushima 7748601 (JP). KUCHARSKI, Robert 
[PL/PL]; ul. Korzona 111/39, PL-03571 Warsaw (PL). 

(74) Agents: ISHII, Hisao et al.; AOYAMA & PARTNERS, 
IMP Building, 3 7, Shiromi 1 chome, Chuo ku, O s aka s hi, 



P-368781 



25 lune 2004 (25 .06.2004) PL 



(71) Applicants (for all designated States except US): AM- 
MONO Sp. z o.o. [PL/PL]; Czerwonego Krz.yza 
| 2/31, PL-00377 Warsaw (PL). NICHIA CORPORA- 
j TION [JP/JP]; 491-100, Oka, Kaminaka-cho, Anan-shi, 
j Tokushima 7748601 (JP). 

■ (72) Inventors; and 
I (75) Inventors/Applicants (for 



US only): DWILINSKI, 



Osaka 5400001 (JP). 

(81) Designated States (unless otherwise indicated, for every 
kind of national protection available): AE, AG, AL, AM, 
AT, AU, AZ, BA, BB, BG, BR, BW, BY, BZ, CA, CH, CN, 
CO, CR, CU, CZ, DE, DK, DM, DZ, EC, EE, EG, ES, FI, 
GB, GD, GE, GH, GM, HR, HU, ID, IL, IN, IS, JP, KE, 
KG, KM, KP, KR, K7„ LC, T.K, TR, US, IT, LIT. TV. MA, 
MD, MG, MK, MN, MW, MX, MZ, NA, NG, NI, NO, NZ, 
OM, PG, PH, PL, PT, RO, RU, SC, SD, SE, SG, SK, SL, 



[Continued oi 



Ktpage] 



| (54) Title: BULK MONO CRYSTALLINE GALLTUM-CONTATNTNG NITRIDE AND ITS APPLICATION 




(57) Abstract: Bulk mono-crystalline gallium-con- 
taining nitride, grown on the seed at least in the 
direction essentially perpendicular to the direction 
of the seed growth, essentially without propagation 



of crystalline defects as present in the seed, having 
the dislocation density not exceeding 10 4 /cm 2 and 
considerably lower compared to the dislocation 
density of the seed, and having a large curvature radius 
of the crystalline lattice, preferably longer than 15m, 
more preferably longer than 30m, and most preferably 
of about 70m, considerably longer than the curvature 
radius of the crystalline lattice of the seed. 



WO 2005/121415 Al 1IIIIIIII I lllllllllll llllll I lllllllll llllllllllll llllll III I ^ 



SM, SY, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, 
VN, YU, ZA, ZM, ZW. 



(84) Designated Slates (unless otherwise indicated, for every 
kind of regional protection available): ARIPO (BW, Gil, 
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM, 
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI, 
FR, GB, GR, HU, IE, IS, IT, LT, LU, MC, NL, PL, PT, RO, 



SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, 
GQ, GW, ML, MR, NE, SN, TD, TG). 

Published: 

— with international search report 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations " appearing at the begin- 
ning of each regular issue of the PCI Gazette. 



WO 2005/121415 PCT/JP2005/011093 
1 




DESCRIPTION 




BULK MONO-CRYSTALLINE GALLIUM-CONTAINING NITRIDE AND ITS 




APPLICATION 


5 


Technical Field 




The subject of this invention is a bulk mono-crystalline gallium- 




containing nitride for the use as the substrate for epitaxy in the process of 




obtaining nitride semiconductor structures, as well as a method of preparina 




the bulk mono-crystalline gallium-containing nitride by using a combination of 


10 


a flux method and a ammono method. 




Group XIII element-containing nitrides (IUPAC, 1989) are a precious 




material for the opto-electronic industry. 




Bulk mono-crystalline gallium-containing nitride is considered a perfect 




substrate for deposition of epitaxial layers of gallium nitride, whose energy 


15 


gap may be used for producing laser diodes (LD) and blue light-emitting 




diodes (LED). The condition however, which must be met so that it could be 




used as the substrate for epitaxy, is its high crystalline quality and low 




dislocation density of the single crystal. 




Bulk mono-crystalline gallium-containing nitrides obtained through the 


'A) 


methods used so far do not meet those requirements. Nevertheless, the 




expected demand for the material of proper quality stimulates research and 




technological progress in that field. 




Background Art 




The authors of the publication WO 02/101120 disclosed the method of 
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crystallization on the seed from the super-critical solution containing a nitride- 
containing solvent, preferably ammonia. By this method it is possible to obtain 
bulk mono-crystalline gallium-containing nitrides of a higher quality of 
parameters compared to the substrates used in industry, which are obtained 
by deposition methods from the gaseous phase, such as HVPE and MOCVD 
or MBE, i.e., of lower dislocation density than those substrates. Mono-crystals 


10 


obtained by the method as known from the disclosure of WO 02/101 120 show 
high increments in volume. Due to equilibrium character of the crystallization 
process, a very high crystalline quality of single crystals is attained from the 
solution containing a supercritical gallium-containing solvent, compared to the 
materials used industrially in various centers worldwide. The primary 
advantage of the technology known from WO 02/101120 is that it can assure 
a convenient range of pressures and temperatures, in which the re- 


15 


crystallization process of gallium-containing nitride from the supercritical 
solution based on the nitride-containing solvent takes place. 
In course of further research and developmental work over the method 
disclosed in WO 02/101120 a number of factors, which had a limiting impact 
on practical application of that method, were recognizeri anrl gradually th*» 


20 


encountered barriers were surmounted, both in terms of technology and 
apparatuses. Some of such barriers are: a limited availability of the feedstock 


mineralizers and control of the growth rate of single crystals. 
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Other methods of synthesis of gallium-containing nitrides, such as HNP, 
are also known. By those methods gallium-containing single crystals of very 
high crystalline quality and low dislocation density are obtained. Unfortunately, 
because of the unsatisfactory size and irregular shape of crystals which are 
obtained thereby, they have not been used so far as the material for the 
substrate for epitaxy in industrial production of LEDs, LDs and other 


10 


semiconductor structures. Also, parameters of the process, and in particular 
the necessity of using very high pressures, significantly limit the feasibility of 
obtaining crystals of a desired size by this method on an industrial scale. 

The studies in that filed show promising results obtained with the use of 
flux methods of growth of gallium-containing nitrides from a gallium melt in 
the atmosphere of nitrogen. Those processes are attractive industrially 
because relatively low temperatures and pressures are used. 


15 


ine basic starting materials for the process disclosed in WO 
02/101120, i.e., the feedstock subject to re-crystallization and the seeds, 
were obtained by HVPE method, according to which mono-crystalline gallium 
nitride layers from the gaseous phase are placed on hetero-seeds, in 
particular on sapphire. As the result of differences between lattice constant nf 


20 


the hetero-seed and the obtained bulk mono-crystalline gallium-containing 
nitride, as well as the result of differences in thermal expansion of both 


nitride single crystals, obtained by HVPE method have a disordered 
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crystalline structure, which is reflected, e.g., in small radius of curvature of the 
obtained bulk mono-crystalline gallium-containing nitrides. The use of such 
single crystals as crystallization seeds in the process of re-crystallization of 
mono-crystalline gallium-containing nitride from the supercritical ammonia- 
containing solution leads to propagation of crystalline defects and surface 
dislocations in mono-crystalline gallium nitride layers obtained on such seeds. 


10 


Additionally, different conditions of growth on the gallium-terminated and 
nitrogen-terminated sides of seeds were observed on seeds in the form of 
wafers oriented perpendicularly to the c axis of the gallium nitride crystalline 
lattice. 

The authors of the publication WO 03/035945 disclosed that it was 
possible to effectively improve the quality of crystallization seeds by way of 
covering them with the ELOG structures having surfaces susceptible to lateral 


15 


growth, i.e., toward the a axis of the crystalline lattice of gallium-containing 
nitride, i.e., in accordance with the methods of quality improvement of 
substrates for epitaxy obtained by the methods of growth from the gaseous 
phase. Considering, however, random arrangement of crystalline defects and 
surface dislocations, it is impossible, on the seeds cnvpred with ELOG 


20 


structures, to eliminate in sufficient degree the propagation of crystalline 
defects of the primary substrate, obtained by HVPE method, to mono- 


based on nitride-containing solvent. Surfaces susceptible to lateral growth 
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arranged in small distances from each other are separated by strips grown 
directly on the primary substrate. It must be noted at this point that multiplied 
and alternate deposition of the ELOG structures on crystalline seeds cannot 
be taken into account mainly because of high costs. 
Disclosure of Invention 

A first object of the present invention is to provide bulk mono-crystalline 


10 


gallium-containing nitn'des gruwri on the seed, basically without propagation 
of crystalline defects as present in the seed as well as to assure the substrate 
for epitaxy from bulk mono-crystalline gallium-containing nitride having 
improved crystalline properties and reduced dislocation density. 

A second object of the present invention is also to provide longer 
lifetime of semiconductor structures, deposited on a new improved substrate 
for epitaxy. 

A third object of the present invention is also to provide a method nf 


15 


preparing the bulk mono-crystalline gallium-containing nitride by a 
combination of a flux method and an ammono method. 

The inventors unexpectedly discovered that it was possible to achieve 
those aims by way of preparing the process according to the present 


20 


invention, which assures bulk mono-crystalline gallium-containing nitrides of 
required size, geometrical parameters and desired crystalline quality. 
Consequently, it was possible to obtain a substrate for epitaxy of any 


orientation and sufficiently high crystallographic quality. 

According to the invention, bulk mono-crystalline gallium-containing 
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nitride, grown on the seed at least in the direction essentially perpendicular to 
the direction of the seed growth, essentially without propagation of crystalline 
defects as present in the seed, is characterized in that its dislocation density 
does not exceed 10 4 /cm 2 and is considerably lower compared to the 
dislocation density of the seed, and has a large curvature radius of the 
crystalline lattice, preferably longer than 15m, more preferably longer than 


10 


30m, and most preferably of about 70m, which is considerably longer than the 
curvature radius of the crystalline lattice of the seed. 

According to the invention, bulk mono-crystalline gallium-containing 
nitride grown on the seed, at least in the direction essentially perpendicular to 
the direction of seed growth, essentially without propagation of crystalline 
defects as present in the seed, has the FWHM of X-ray rocking curve from 
(0002) plane, preferably below 40arcsec (for Cu K a1) and considerably lower 


15 


than the FWHM of the seed with simultaneous large curvature radius of the 
crystalline lattice, preferably longer than 15m, more preferably longer than 
30m, and most preferably of about 70m, which is considerably longer than the 
curvature radius of the crystalline lattice of the seed. 

The single crystal accordino. to the invention is preferably doped with 


20 


donor-type and/or acceptor-type, and/or magnetic-type dopants, at the 
concentration from 10 17 /cm 3 to 10 21 /cm 3 , and comprises n-type, p-type or 


Preferably, the single crystal according to the invention is grown in the 
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environment and in the conditions in which the growth rate in the direction 
perpendicular to the c axis, and in particular parallel to the a axis, is the same 
or higher than the growth rate in the direction parallel to the c axis of the 
single crystal. 

The single crystal according to the invention is preferably a gallium 
nitride single crystal. 


10 


According to the invention, it is possible to make a wafer of any 
orientation, with polar or non-polar planes, obtained as a single crystal 
according to the invention or cut out from such single crystal, whereas the cut 
is made in a desired direction with respect to the direction of growth of the 
single crystal. 

The wafer according to the invention has preferably its surface 
dislocation density additionally reduced as the result of slicing in the direction 


15 


essentially parallel to tne direction ot the single crystal growth. 

The wafer according to the invention has preferably non-polar surfaces, 
suitable for further processing. 

The wafer according to the invention has preferably polar surfaces, 
suitable for further processinq. 


20 


According to the invention the wafer may be used as a substrate for 
epitaxial deposition of semiconductor structures from Group XIII element- 


The invention also comprises the substrate for epitaxial deposition of 
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semiconductor structures from Group XIII element- containing nitrides, which 
is obtained as single crystal according to the invention or is the wafer 
according to the invention, and in particular, which is suitable for production of 
semiconductor structures requiring a nitride substrate of sufficiently low 
surface dislocation density, especially at Group XIII element-terminated side 
and has epitaxial surface not smaller than 100mm 2 , preferably not smaller 


10 


than 450mm 2 . 

The invention covers also semiconductor structures, which are 
obtained on the substrate. 

Due to preparation of the solution according to the invention it is 
possible to assure homogenous bulk mono-crystalline gallium-containing 
nitride, especially gallium nitride, of exceptional crystalline parameters and 
exceptionally low surface dislocation density, which meet the requirements of 


15 


the optoelectronic industry. 

Mono-crystalline gallium-containing nitride according to the invention 
has unusual dimensions, regular shape, and at the same time excellent 
crystalline properties, adjusted to the technological requirements of the 
optoelectronic, industry. 


20 


In a particularly preferable example of the invention, bulk mono- 
crystalline gallium-containing nitride has the assumed parameters of electrical 


containing nitride single crystals will make it possible to change laser 
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structures and considerably increase the number of such structures per 
substrate. 

At the same time, it should be stressed that the solution according to 
the invention is also preferable in terms of costs. 

The enclosed drawing Fig.1 shows a schematic diagram of the crucible 
for the growth of mono-crystalline gallium-containing nitride by the flux 


10 


method, Fig. 2 shows the diagram of temperature changes in time in the 
examples 4-9, Fig. 3 shows the cross-section view of the autoclave and the 
set of furnaces used in the method of growth from the supercritical ammonia- 
containing solution, and Fig. 4 shows a perspective view of an apparatus for 
obtaining mono-crystalline gallium-containing nitride according to the 
invention. 

In the description below the following terms and definitions shall have 


15 


the following meaning unless otherwise specified. 

Autoclave, regardless of its from, includes a closed reaction chamber, 
in which the crystallization process from fluid phase in the aforementioned 
range of temperature and pressure is carried out. For crystallization from 
supercritical ammonia-mntaining solution it is convenient to use a device 


20 


presented schematically in Fig. 7 and Fig. 8, discussed in detail further in the 
text. 


structure at least one atom of gallium and one atom of nitrogen. It includes, 
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but is not restricted to, a binary compound - GaN, a ternary compound - 
AIGaN, InGaN or a quaternary compound AllnGaN, preferably containing a 
substantial portion of gallium, anyhow at the level higher than dopant content. 
The composition of other elements with respect to gallium in this compound 
may be modified in its structure insofar as it does not collide with the selected 
crystallization technique. 


10 


Crystallographic directions c, a or m refer to c, a or m directions of 
hexagonal lattice, having the following Miller indices: c - [0001], a - [11 2o], 
m-[1l00]. 

Crystallization from melt refers to crystallization by flux method. 

Gallium-containing feedstock is gallium-containing nitride or its 
precursor. As a feedstock, GaN obtained by various methods may be used, 
among others by flux methods, HNP method, HVPE methods. Moreover, 


15 


polycrystalline GaN obtained by reaction of metallic gallium with supercritical 
ammonia-containing solution may be used. 

HVPE (Halide Vapor Phase Epitaxy) method refers to a method of 
deposition of epitaxial layers from gaseous phase, in which (in the case of 
Group XIII -element nitrides) halides of Group XIII metals and ammonia are 


20 


used as substrates. 

MBE (Molecular Beam Epitaxy) method refers to a method of 


so-called „ molecular beam" on a substrate. 
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MOCVD (Metallo-Organic Chemical Vapor Deposition) method 
refers to a method of deposition of epitaxial layers from gaseous phase, in 
which (in the case of nitrides) ammonia and metallo-organic compounds of 
gallium are used as substrates. 
5 Crystallization methods from fluid phase in this application refer to 

crystallization from supercritical ammonia-containing solution or to flux 
method. 

Flux methods of obtaining crystalline gallium nitride mean a group 
of methods, in which said azide is obtained as the result of a chemical 

10 reaction between liquid mixture of metals (melt) and nitrogen-containing gas 
(in particular, it may be gaseous nitrogen or a mixture of nitrogen and 
ammonia). The melt contains among others gallium and flux. Of course, this 
process proceeds at appropriate temperature and pressure conditions. In the 
case sodium, which is a well known flux, typical temperature of the process is 

15 ca. 600-800°C, while typical pressure is ca. 5MPa. 

Mineralizer is a substance introducing into the supercritical ammonia- 
containing solvent one or more Group I element (alkali metal) ions, supporting 
dissolution of feedstock (and g a l li u m-containing nitride) 



Supercritical ammonia-containing solvent is a supercritical solvent 
20 consisting at least of ammonia, which contains one or more types of ions of 

nitride. Supercritical ammonia-containing solvent may also contain derivatives 
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of ammonia and/or mixtures thereof, in particular - hydrazine. 

Supercritical ammonia-containing solution means a solution 
obtained as the result of dissolution of gallium-containing feedstock in the 
supercritical ammonia-containing solvent. 

Bulk mono-crystalline gallium-containing nitride means a mono- 
crystalline substrate in the form of gallium-containing nitride, on which opto- 


10 


electronic devices may be obtained, such as: light-emitting diodes (LED) or 
laser diodes (LD) by MOCVD method or by the methods of epitaxy growth 
such as HVPE. 

Crystallographic planes C, A or M refer to C-, A- or M-plane surfaces 
of hexagonal lattice, having the following Miller indices: C — (0001), A — 
(1120), M - (iTrjO). The surfaces are perpendicular to the corresponding 
crystallographic directions (c, a and m). 


15 


Polar or non-polar further-processable surface - means a surface 
suitable for epitaxial deposition of nitride layers, whereon it is possible to 
produce at least one optoelectronic device. Such surface should have the 
size sufficient for epitaxy by MOCVD, MBE methods or other method of 
epitaxial deposition of nitride lavers, preferably larger than 10mm 2 , and most 


20 


preferably larger than 100mm 2 . 

Polar or non-polar crystalline surface: In crystals of Group XIII 


axis of the crystal (and crystal surfaces containing those planes) are called 
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non-polar surfaces, whereas, crystalline planes perpendicular to the c axis 
of the crystal (and crystal surfaces containing those planes) are called non- 
polar surfaces. 

Precursor of gallium-containing nitride is a substance or a mixture 
containing at least gallium and optionally containing elements of Group I 
(alkali metals), elements of Group II (alkali earth metals), elements of Group 


10 


XIII (group numbers according to lUPAC 1989), nitrogen and/or hydrogen, 
and metallic gallium, its alloys or metallic compounds, hydrides, amides, 
imides, amido-imides and azides, which may form gallium compounds soluble 
in the supercritical ammonia-containing solvent as defined below. 
Super-saturation 

If concentration of soluble gallium compounds in the supercritical 
ammonia-containing solution is higher than solubility of gallium-containing 


15 


nitride in specific physicochemical conditions, then super-saturation of the 
supercritical ammonia-containing solution with respect to gallium-containing 
nitride in those conditions can be defined as the difference between the 
actual concentration and the solubility. While dissolving gallium-containing 
nitride in a closed system it is possible to obtain the super-saturation state, for 


20 


example by increasing temperature or decreasing pressure. 

Diffusion process in this application means a process of crystal 


essentially by diffusion. 
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Convection process in this application means a process of crystal 
growth, in which the transport between feedstock and seeds proceeds 
essentially by convection. 
Solubility 

Our experiences show that the state of equilibrium may be achieved 
between the solid (gallium-containing nitride) and the supercritical solution at 


10 


sufficiently high temperature and pressure. Therefore, solubility of gallium- 
containing nitride may be defined as the equilibrium concentration of soluble 
gallium compounds obtained in the above mentioned process of dissolution of 
gallium-containing nitride. In this process, the equilibrium concentration, i.e. 
solubility, may be controlled by changing the composition of solvent, 
temperature and/or pressure. 

Dissolution of gallium-containing feedstock means either reversible 


15 


or irreversible process of forming out of said feedstock gallium compounds 
soluble in the supercritical solvent, for example gallium-complex compounds. 
Gallium complex compounds are complex chemical compounds, in which an 
atom of gallium is a coordination center surrounded by ligands, such as 
ammonia molecules (NH3) nr their derivatives like NH9- NH?- ^ 


20 


Selective crystallization on a seed means a process of crystallization 
taking place on the surface of the seed, in the absence of spontaneous 


degree. This process is indispensable for achieving the aim of the present 
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invention, i.e. obtaining bulk single crystals of gallium-containing nitride, and 
at the same time it is an essential element of the present invention. 

Spontaneous crystallization from the supersaturated supercritical 
ammonia-containing solution means any undesirable process of nucleation 
5 and growth of the gallium-containing nitride crystals taking place at any site 
within the autoclave except on the surface of the seed. The definition also 
includes growth on the surface of the seed, in which the grown crystal has an 
orientation different from that of the seed. 

Melt in this application means a mixture of molten metals. 

10 Group XIII element-terminated side, Ga-terminated side, N- 

terminated side: In the crystals having the wurtzite structure one can 
distinguish a crystalline direction (crystalline axis) denoted as a and another 
crystalline direction - c - which is perpendicular to a. In the crystals of Group 
AIM element nitrides, having the wurtzite structure, the crystalline planes 

15 perpendicular to the c axis are not equivalent. In is a habit to call them Group 
XIII element-terminated side and nitrogen-terminated side or the surface 
having Group XIII element polarity or nitrogen polarity, respectively. In 
particular, in the case of mono-crystalline g allium n itride o ne can distinguish 
gallium-terminated side (Ga-side) and nitrogen-terminated side (N-side). 

20 These sides have different chemical and physical properties (eg. 

the gaseous phase the layers are deposited on the Group XIII element- 
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terminated side. 

Temperature and pressure of the reaction 

In the practical examples presented in the present specification 
temperature measurements inside the autoclave have been performed when 

5 the autoclave was empty, i.e. without the supercritical ammonia-containing 
solution. Thus, the temperature values cited in the examples are not the 
actual temperature values of the process carried out in the supercritical state. 
Pressure was measured directly or calculated on the basis of physical and 
chemical data for ammonia-containing solvent at selected process 

10 temperature and the volume of the autoclave. In the case of flux methods the 
temperature was measured inside the autoclave, but outside the crucible. 
Nevertheless, the values of temperature given in this application should be 
very close to actual temperature values in the melt contained in the crucible. 
Flux means a substance added to the reaction environment in flux 

15 methods, which helps maintain reactants in liquid phase throughout the 
process. 

Chemical transport of gallium-containing nitride in the supercritical 
solution means a continuous process in volv ing dissolution of a g allium- 
containing feedstock in the supercritical solution, circulation of the soluble 
20 gallium compounds within the solution and crystallization of gallium- 
chemical transport may be caused by temperature difference, pressure 
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difference, concentration difference, or other chemical or physical differences 
between the dissolved feedstock and the crystallization product. According to 
the present invention, bulk mono-crystalline gallium-containing nitride may be 
obtained in effect of chemical transport between the dissolution and 
crystallization zones of the autoclave, established by means of temperature 
difference between the two zones, whereas the temperature of crystallization 


10 


zone should be higher than the temperature of dissolution zone. 

Temperature and pressure coefficient of solubility (TCS and PCS) 
Negative temperature coefficient of solubility means that the solubility is a 
decreasing function of temperature if all other parameters are kept constant. 
Similarly, positive pressure coefficient of solubility means that, if all other 
parameters are kept constant, the solubility is an increasing function of 
pressure. Our research allows to state that solubility of gallium-containing 


15 


nitride in the supercritical ammonia-containing solvent, at least in the 
temperature range from 300 to 550°C, and pressure from 100 to 550MPa, 
shows a negative temperature coefficient (negative TCS) and a positive 
pressure coefficient (positive PCS). 

Lateral arowth in this patent application refers to bulk arowth on a 


20 


seed in the direction perpendicular to the original direction of seed growth. In 
contrast to ELOG (Epitaxial Lateral Overgrowth), the lateral growth is 


and it is the aim of the process. Moreover, the projection of a laterally grown 
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crystal in the direction parallel to the original direction of seed growth goes 
remarkably beyond the projection of the seed used. In the case of ELOG 
(Epitaxial Lateral Overgrowth), these two projections are essentially identical. 

ELOG (Epitaxial Lateral Overgrowth) is a method of crystal growth 
from gaseous phase or from supercritical ammonia-containing solution, in 
which crystals are grown on a special substrate. In the case of gallium nitride 


10 


crystals, a matrix of parallel ridges (several microns high and several microns 
wide), having surfaces susceptible to lateral growth, is created on the surface 
of the substrate. Typically, gallium nitride crystals are grown in the c direction. 
The ridges are then created along the m direction and the surfaces 
susceptible to lateral growth coincide with A-planes. In this case, lateral 
growth is limited to several or several dozen microns and it is finished as 
soon as the space between the ridges becomes overgrown by the arising 


15 


crystal. Next, the principal growth of bulk crystal proceeds along the c 
direction. This way some of the dislocations present in the substrate can be 
prevented from penetrating into the arising crystal. 

Seed is crucial for obtaining a desired bulk gallium-containing nitride 
monocrystals in a process according to the present invention. In view of the 


20 


fact that the quality of the seed is crucial for the crystalline quality of the bulk 
gallium-containing nitride monocrystals obtained by the process according to 


high quality. Various structures or wafers having a modified surface can also 
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be used. For example a structure having a number of surfaces spaced 
adequately far from each other, arranged on a primary substrate and 
susceptible to the lateral overgrowth of crystalline nitrides may be used as a 
seed. Moreover, a seed having a homoepitaxial surface, exhibiting n-type 
electric conductivity, for example doped with Si, may be used. Such seeds 
can be produced using processes for gallium-containing nitride crystal growth 


10 


from gaseous phase, such as HVPE or MOCVD, or else MBE. Doping with Si 
during the growth process at the level of 1016 to 1021/cm2 ensures n-type 
electric conductivity. Moreover, a composite seed may be used and in such 
seed directly on a primary substrate or on a buffer layer made for example of 
AIN — a layer made of GaN doped with Si may be deposited 
Detailed description of the invention 

Having analyzed their own experience in the scope of applying the 


15 


metnod disclosed in WO 02/101120, and verified through tests the reports on 
available methods of obtaining gallium-containing nitride in the mono- 
crystalline form, the inventors discovered that the growth of bulk mono- 
crystalline gallium-containing nitride proceeds at various rates in various 
environments, and additionally at various rates in the direction of various axes 


20 


of the hexagonal wurtzite-type crystalline lattice, in which gallium nitride and 
other gallium-containing nitride are crystallized. This information is directly 


result of the spontaneous crystallization in the processes of obtaining that 
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kind of nitride single crystals. 

The fact that spontaneous crystals obtained by the method, as 
disclosed in WO 02/101120, are in the form of needles of hexagonal section 
proves that there is a preferable growth toward the c axis of the crystalline 
5 lattice of gallium containing nitride. 

The low-temperature and low-pressure flux method of obtaining GaN 
from Ga-Na and Ga-Li melts in the nitrogen atmosphere is also known. 
Preferable pressure and temperature parameters as required in those 
processes caused that the authors of this invention became interested in that 
10 process as a potential process allowing them to obtain the feedstock and, 
possibly, crystallization seeds for the crystallization process from the 
supercritical - preferably ammonia-containing - environment, of gallium- 
containing nitride solution. 

The process of ublaining gallium nitride from th e Ga - Na alloy molt is 
15 however arduous in technological terms because of the reactivity of sodium 
with respect to humidity, high pressure of sodium vapors in the process 
conditions and its sublimation deposition in cooler parts of the reactor. Those 
properties of sodium as flux cause that it is difficult to apply this method 
industrially. 

20 The publication Youting Song et. al. in the Journal of Crystal growth 

?47 ( 7P.D3) 275-278 , reports on crystallization of GaN by flux method with the 
use of lithium as flux (temperature of about 800°C, pressure 0.2MPa, the 
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duration of the process 120-180 hours). This report proves that the use of 
lithium as flux makes it possible to obtain GaN in less drastic conditions, 
however an amount of spontaneously formed crystals is still unsatisfactory. 

Observations and experiences which have been carried out in terms of 
application of the flux technology for obtaining the feedstock or seeds, show 
that flux methods allow for obtaining spontaneous gallium-containing nitride 


10 


crystals in the form of hexagonal wafers of high crystalline quality and low 
surface dislocation density. The shape of crystals formed spontaneously 
(without seeds) shows that there is a preferable growth of gallium-containing 
nitride - in the process conditions - in directions perpendicular to the c axis of 
the gallium-containing nitride crystalline lattice. 

Like in the flux method, which allows the crystal to grow in directions 
perpendicular to the c axis, the present research on the method of growth 


15 


trom supercritical ammonia-containing solution show that the crystal growth 
by this method in the direction perpendicular to the c axis is also possible 
although it is geometrically limited and may be very slow. 

This means that the volume parameters of gallium-containing nitride 
sinoje crystal obtained by the qrowth method from the supercritical ammonia- 


20 


containing solution are, on the one hand, determined by the dimensions, 
shape and orientation of the seed, and on the other hand, by the duration of 


As the observations described above show, the growth of gallium- 
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containing nitride single crystal according to all known methods takes place at 
least partially in the direction close to the direction of the growth of the seed 
crystal obtained by the same or different method, which unfortunately means 
that at least partial propagation of crystalline defects as present in seeds 
5 takes place in the deposited mono-crystalline gallium-containing nitride layers. 

It has been recently discovered that it is possible to obtain gallium- 
containing nitride crystals of essentially higher quality parameters than 
parameters of the seed crystal through selection of the conditions in which 
the process of gallium-containing nitride crystallization is carried out. At the 
10 same time, while aiming to assure proper dimensions of gallium-containing 
nitride the authors of this invention put appropriate focus on obtaining a 
crystal seed of proper dimensions. 

The bulk mono-crystalline gallium-containing nitride according to the 
invention may oe obtained oy way ot controlled growtn ot a single crystal in a 
15 desired direction in the process which comprises the step of growth from the 
liquid phase in the direction perpendicular to the growth of mono-crystalline 
seed from gallium-containing nitride during the phase of its obtaining. 

The single crystal growth from the liquid phase may be carried out bv 
flux method with use of flux assuring liquidity of the system, in the range of 
20 temperature from 300°C to 950°C. 

The growth by flux method from the Ga-Li melt, which optiona l ly 
contains an additional flux X, selected from the group consisting of Bi, In, K, 
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Na, Pb, Rb, Sb, Sn and Te is preferable, whereas the molar ratio of X:Ga:Li is 
from 0.5:1.0:1.5 to 1.5:1.0:2.5. 

Preferably, with the use of flux method, the growth is carried out at 
temperature from 700°C to 850°C, at pressure of nitrogen from 2.0 to 2.5 MPa, 
5 and optionally with addition of crystalline gallium-containing nitride. 

Preferably, in the phase in which the melt is heated to the desired 
temperature, the protective atmosphere of inert gas, preferably argon, is used. 
Next, nitrogen is added to the system and the growth of single crystal is 
carried out on the seed while the temperature gradient is maintained within 
10 the melt, whereas the seed is placed in the lower-temperature zone. 

It is recommended that, after the crystal growth by flux method is 
completed, the melt should be initially cooled slowly, and then, cooled fast to 
the ambient temperature. 

Preferably, in the atmosphere of inert gas, it is possible to obtain 
15 heterogeneous Ga melt with fluxes by way of heating everything as long as 
the average temperature of the melt is above 700°C, and followed by 
stabilization of the melt, the atmosphere is changed, by replacing inert gas 
wit h n it rog en und^ r pressure from 2.0 to 2.5 MPa, and next, in the steady 
conditions the growth of crystals is carried out, and after the growth is 
20 completed the obtained crystals may be gradually taken out from the melt in 

t he process condit i ons or ev e rything may b e coo l ed down as de s crihftd above, 

and finally the obtained single crystals are separated by dissolution of the 
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solidified melt. 

While heating the Li-Ga melt in zones, the temperature gradient is kept 
around the melt, and the seeds are placed in a cooler zone. 

It should be noted that in course of the diffusion process, the 
temperature in the heating phase in the inert gas atmosphere is kept lower in 
the undersurface zone and higher in the bottom zone, whereas after the 


10 


atmosphere is changed into nitrogen, the temperature gradient is reversed. 

Alternatively, in course of the convection process, additional feedstock 
is used - as internal source of nitrogen in the melt - in the form of crystalline 
nitride containing lithium, gallium or metal of the group comprising Bi, In, K, 
Na, Pb, Rb, Sb, Sn or Te, which is an additional flux, and that additional 
feedstock is brought to the liquid phase by heating everything to the average 
temperate as specified above, whereas the zone, in which that additional 


15 


material was placed - to the temperature higher by several dozen degrees 
centigrade. 

Preferably, in both versions of the flux process, the temperature 
difference between the zones is kept at the level of several dozen degrees 
centigrade. 


20 


According to this invention, the growth of single crystals from the liquid 
phase may be also carried out by the growth method in the supercritical 


ammonia-containing solution. 
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According to this method, the system comprises in the crystallization 
stage the gallium-containing feedstock, preferably crystalline gallium nitride, 
Group I elements and/or their mixtures, and/or their compounds, especially 
those containing nitrogen and/or hydrogen, preferably azides, optionally with 

5 addition of Group II elements and/or their compounds, which form the 
mineralizer, and the mineralizer together with ammonia are used as 
ammonia-containing solvent. Crystallization of desired gallium-containing 
nitride is carried out on the surface of the seed, at crystallization temperature 
higher and/or under crystallization pressure lower than the temperature and 

10 pressure of dissolution of the feedstock. There are two temperature zones. 
There is feedstock in the dissolution zone, and at least one seed is in the 
crystallization zone, whereas the dissolution zone is located above the 
crystallization zone and the mass is transported from the dissolution zone to 
the crystallization zone. 

15 Preferably, the temperature difference between the dissolution zone 

and the crystallization zone is from 1°C to 150°C, preferably from 10°C to 
100°C, and in the crystallization zone the temperature is not lower than 350°C, 
preferably n ot l o wer t h an 4n r)° r,, a nd m ost p r eferably ranges from 500°C to 
550°C. 

20 Bulk mono-crystalline gallium-containing nitride according to the 

i nvent i on i s pref e rab l y obtained by growth in th e direction perpend i cul a r to the 
direction of the seed growth from mono-crystalline gallium-containing nitride 
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of the same chemical composition by the growth method based on 
supercritical ammonia-containing solution. 

Preferably, bulk mono-crystalline gallium-containing nitride according to 
the invention is obtained by way of controlled growth of single crystal in a 
desired direction, as the result of at least one phase of growth in the direction 
perpendicular to the c axis of the single crystal in the liquid phase from the 


10 


gallium-containing melt, based on lithium, and at least one phase of growth in 
the direction parallel to the c axis of the single crystal in the supercritical 
ammonia-containing solution, whereas feedstock and seed are used in each 
of those phases, and optionally the growth stages in the direction 
perpendicular to the c axis and in the direction along the c axis are repeated 
until desired dimensions of the single crystal are obtained along at least one 
of its axis. 


15 


Preferably, tne seed used tor obtaining bulk mono-crystalline gallium- 
containing nitride according to the invention is in the form of gallium- 
containing nitride single crystal in the form of a wafer oriented perpendicularly 
to the c axis of the single crystal, obtained by the crystallization method from 
the gaseous phase, with the surface dislocation density not laraer than 


20 


10 8 /cm 2 , and first, this seed is covered with the gallium-containing nitride 
layer of a desired thickness in the direction parallel to the c axis of single 


10 6 /cm 2 by the growth method from the supercritical ammonia-containing 
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solution, and then the growth of that wafer is carried out in the direction 
perpendicular to the c axis by flux method, and next, it is possible to deposit 
another layer of gallium-containing nitride on the wafer grown perpendicularly 
towards the c axis of the single crystal while carrying out the growth from the 
supercritical ammonia-containing solution toward the c axis. 

Gallium-containing nitride crystal obtained by HNP method of very low 


10 


surface dislocation density may be also used as a seed, which is, next, grown 
in the desired direction: in the direction perpendicular to the c axis by flux 
method, whereas in the direction along its c axis - by the method of growth 
from the supercritical ammonia-containing solution, depending on the initial 
shape of the seed, and after a single crystal of desired dimensions is attained, 
the wafer of desired orientation is cut out from it, and afterwards it is possible 
to repeat the growth phase by flux method and/or growth method from the 


15 


supercritical ammonia-containing solution. 

Moreover, the gallium-containing nitride single crystal obtained in the 
form of hexagonal wafer by flux method as the result of spontaneous 
crystallization may be used as a seed. Then, the growth of such seed is 
carried out alona the c axis by the growth method from the snpnrcritirai 


20 


ammonia-containing solution, and after a single crystal of desired dimensions 
is attained, the wafer of desired orientation is cut out from it, and afterwards it 


from the supercritical ammonia-containing solution. 
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According to another preferable embodiment of this invention, bulk 
mono-crystalline gallium-containing nitride is obtained through the controlled 
growth of single crystal in the desired direction, which comprises at least one 
step of growth in the direction perpendicular to the c axis of the single crystal 
and at least one step of growth in the direction parallel to the c axis of the 
single crystal in the supercritical ammonia-containing solution with the use of 


10 


feedstock and seed. 

Usually, for obtaining bulk mono-crystalline gallium-containing nitride 
according to the invention, gallium-containing nitride wafers obtained by 
HVPE method are used as seeds. 

Preferably, however, a gallium-containing nitride single crystal is used 
as a seed, in the form of a wafer with at least one non-polar plane, obtained 
as single crystal or cut out from the single crystal obtained by the 


15 


crystallization method trom the gaseous phase, or more preferably by the 
growth method from the supercritical ammonia-containing solution, and 
afterwards the growth of that wafer is carried out in the direction 
perpendicular to the c axis of the single crystal by the flux method and/or by 
the growth method from the supercritical ammonia-containing solution. 


20 


Bulk mono-crystalline gallium-containing nitride according to the 
invention may be doped with donor and/or acceptor and/or magnetic-type 


doping the gallium-containing nitride according to the invention is n-type 
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material, p-type material or compensated material (semi-insulating). 

Preferably, bulk mono-crystalline gallium-containing nitride is, 
according to this invention, in the form of gallium nitride. 

Preferably, proper dimensions of the seed for obtaining bulk mono- 
crystalline gallium-containing nitride are assured by subjecting the seed to the 
initial processing consisting in the growth alternately in the direction parallel 


10 


to the c axis and in the direction perpendicular to the c axis of the gallium- 
containing nitride crystalline lattice. The alternate growth of the crystal in the 
predetermined directions is carried out through the growth alternately by the 
flux method from the Ga-Li melt in the direction perpendicular to the c axis 
and by the growth method from the supercritical ammonia-containing solution 
in the direction parallel to the c axis. Alternatively, one of those methods is 
used, and in subsequent stages the growth planes in the desired direction are 


15 


uncovered alternately, and simultaneously the growth in the direction 
perpendicular to it is reduced. 

The examples of how to reduce the growth of gallium-containing nitride 
single crystals in the desired directions were disclosed in the publication WO 
03/035945. 


20 


The results of tests on single crystals according to this invention 
confirm that it is possible to achieve a very high crystalline quality of mono- 


containing nitride wafers obtained by growth methods from the gaseous 
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phase, especially by HVPE method, if in the subsequent steps of the method 
of obtaining mono-crystalline gallium-containing nitride according to the 
invention the growth is carried out in the directions perpendicular to the c axis. 
The wafers obtained in this way have very large curvature radius, longer than 
5 15m, more preferably longer than 30m, and most preferably above 70m, 
whereas the curvature radius of single crystals grown in the same direction as 
the direction of seed growth (parallel to the c axis) has a typical value of 
about 2-1 5m. At the same time, the FWHM of single crystals according to the 
invention is preferably below 40arcsec. 

10 GaN shows good solubility in supercritical NH 3 , provided that alkali 

metals or their compounds such as NaNH 2 or KNH2, are introduced to it. 
Based on the tests carried out by the inventors, solubility is increasing with 
pressure and decreasing with temperature. Based on those relationships it is 
possible to carry out the process according to this invention and obtain 

15 desired crystals. 

Feedstock is placed in the upper zone of the reactor. This zone is 
maintained under a different temperature regime from that in the lower zone 

of the reactor, wherein at least one mono-c rystalline seed is placed. 

In particular, the negative temperature coefficient of GaN solubility in 

20 the process environment means that, as the result of the temperature 
gradient, it is possible to evoke th e chemical transport of gallium nitrido from 
the upper reactor zone of lower temperature - which is the dissolution zone of 
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the feedstock in the form of crystalline gallium nitride, to the lower zone of 
higher temperature - which is the crystallization zone. 

The use of crystalline gallium nitride as preferable feedstock in the re- 
crystallization process of GaN is preferable because it assures the amount of 
gallium as required for the process in the form which is easily soluble and can 
be gradually dissolved. 


10 


As mentioned above, seeds for crystallization from the supercritical 
ammonia-containing solution can be obtained by any method. Preferably, 
GaN crystals are used, which are obtained by HVPE method, by which it is 
possible to obtain GaN single crystals in the form of wafers of relatively large 
surface. By using such seeds, bulk mono-crystalline gallium-containing nitride 
which are obtained according to the invention have very low dislocation 
density, but simultaneously they are very thick. The material according to the 


15 


invention is a perfect material for substrates for epitaxial deposition of 
semiconductor layers. At the same time, it may be used for preparing seeds 
for subsequent processes which are carried out in the way as described 
above. 

As the mineralizer, it is possible to use alkali metals, their compounds, 


20 


especially those containing nitrogen and hydrogen and their mixtures. Alkali 
metals may be selected from Li, Na, K, Rb and Cs, whereas their compounds 


azides. 
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The supercritical environment of ammonia-containing solution with 
addition of ions of alkali metals, used for obtaining bulk mono-crystalline 
gallium-containing nitride according to the invention may also contain ions of 
other metals and soluble forms of other elements, introduced intentionally to 
modify the properties of the obtained mono-crystalline gallium-containing 
nitride. However, this environment contains also incidental impurities which 


10 


are introduced together with the feedstock and released to that environment 
during the process from the elements of applied apparatuses. It is possible to 
reduce the amount of incidental impurities by the use of high purity reagents, 
or even additionally purified reagents for the needs of the process. Impurities 
from apparatuses are also subject to control through selection of construction 
materials in accordance with the principles as known to the experts in that 
field. 


15 


Preferably, the controlled growth of crystals according to tne invention 
in a desired direction, either perpendicular or parallel to the c axis, is carried 
out by the method as described in detail in the following examples, which are 
illustrated by diagrams of relationships between temperature and duration of 
the process, as presented in the attached drawing. As shown in Fig. 2 the 


20 


temperature, in the crystallization phase from the supercritical ammonia- 
containing solution, in the upper zone - which is the dissolution zone of the 


below) is kept lower than in the dissolution zone, wherein the temperature is 
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essentially kept at the constant level during the entire crystallization cycle. 

In those conditions - as the result of temperature difference between 
the zones, and the temperature gradient - dissolution of the feedstock takes 
place in the dissolution zone, and the convection leads to chemical transport 
between the zones, and when super-saturation of supercritical ammonia- 
containing solution is attained with respect to GaN the crystallization of GaN 


10 


is carried out on seeds in the crystallization zone. 

During the growth from the supercritical ammonia-containing solution, 
the value of the temperature difference between the zones may change in a 
wide range, and preferably, it is from several to several dozens degree 
centigrade. Additionally, in accordance with the invention the difference of 
temperatures between the zones may be changed during the process. In this 
way it is possible to control the growth rate and the quality of the obtained 


15 


bulk mono-crystalline gallium-containing nitride. 

Additionally, it is possible to modify that basic process, for example, by 
changing the temperature in both zones periodically, yet, the temperature in 
the crystallization zone must be always higher than the temperature in the 
dissolution zone. 


20 


Authors of the studies over optimization of the flux process which is 
now used for the controlled growth of gallium-containing crystals, used 


temperature reactor with controlled atmosphere, adjusted to work under 
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increased pressure, and equipped with zonal heating devices. In Fig. 1 the 
crucible A is filled with the Li-Ga melt containing the above defined additional 
flux (selected from the group of Bi, In, K, Na, Pb, Rb, Sb, Sn and Te). At the 
bottom of the crucible A there is crystalline feedstock C in the form of GaN, 
5 which is an internal source of nitrogen. The seed B is introduced into the melt 
at a specified phase of the process, and may be lowered into and pulled out 
from the melt by way of the mechanism which is not shown on the drawing. 
Two orientations of the crystalline seed show that the zone of growth on the 
seed may be oriented in various ways within the crucible. 

10 The growth from the supercritical ammonia-containing solution may be 

carried out in reactors of various structures. In the following examples, the 
autoclave 1 which is schematically shown in Fig. 3 and Fig.4 was used. The 
autoclave 1, equipped with the installation 2 in the form of the baffle, is 
equipped with two furnaces 3 and 4 equipped with heating 5 and/or 6 cooling 

15 devices. The installation 2 may be in the form of a horizontal baffle or baffles 
7 with central and/or circumferential openings, which separate the upper 
dissolution zone 8 and the lower crystallization zone 9 in the autoclave 1. The 
temperature value of eac h zone in t he autoclave 1 in t ha ra ngfi of 
temperature of 100 to 800°C, may be set on furnaces 3 and 4 by way of a 

20 controlling device (not shown in the drawing). In the autoclave 1 the 

feedstock 10 is placed in that zone. Whereas the crystallization zone 9 is 
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below the horizontal baffle or baffles. At least one seed V\_ is put in that zone. 
The place in which that seed 17 is put is below the point of intersecting the 
ascending and descending convection flows. 

Bulk mono-crystalline gallium-containing nitride according to the 
invention is characterized in that it has very low surface dislocation density. It 
may contain alkali metals in amount of about 0.1 ppm or more- even more 


10 


than LOppm, and even more than 10ppm alkali metals, which are introduced 
into the system as a flux or mineralizer (depending on the type of the process 
of controlled crystal growth in a desired direction). GDMS (Glow - Discharge 
Mass Spectroscopy) profiles for a product sample according to the invention 
show the presence of alkali metals in the range from 0.1 ppm to several ppm. 
Moreover, some transition metals (Fe, Cr, Ni, Co, Ti, Mn), present in the 
reaction environment, provide a measurable signal. For comparison, the 


15 


analogical profiles tor the UaN crystal obtained by HVPE method show the 
presence of potassium in the amount below 0.1 ppm. Whereas the profiles of 
transitional metals are present at the noise level, which proves that there is a 
very low amount of those elements in the GaN crystal obtained by HVPE 
method. 


23 


On the basis of the performed tests the authors of the invention 
determined the conditions of controlling the process of growing GaN single 


additional flux and from the supercritical ammonia-containing solution. Those 
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conditions were positively verified also for nitrides containing other elements 
of Group XIII, and for mixed nitrides containing gallium and other elements of 
Group XIII. Due to similar parameters of gallium, aluminum and indium nitride 
crystalline lattices it is possible to partially replace gallium with indium and/or 
5 aluminum in gallium-containing nitride obtained according to the invention. 

The invention is described in more detail in the following examples. 
Example 1 (flux process) 

A mixture of metallic gallium and lithium was placed in a high- 
temperature reactor (Fig. 1 ) in a molybdenum crucible (A), having the volume 

10 of 250cm3. Additional flux selected from a group consisting of In, K, Na, Pb, 
Rb, Sb, Sn and Te was also added to the system, in such an amount that the 
molar ratio of X:Ga:Li in the performed experiments between 0.5:1.0:1.5 and 
1.5:1.0:2.5. The mixture was heated to ca. 780°C in the argon (Ar) 
atmospnere and - as a result - an alloy ot tne aforementioned metals of the 

15 given molar ratio of X:Ga:Li was obtained. After one day the atmosphere was 
changed to nitrogen (N2) under the pressure of 2.3MPa. Such temperature 
and pressure conditions in the reactor were then maintained for the next 
several days. Then the process of growth of mono-crystalline gallium nitride 
on the seed crystals (B), in the form of mono-crystalline wafers oriented 

20 essentially perpendicularly to the c axis of the crystal and having the surface 

are a of the section perpendicu l ar to the c axis from 0.25 to 4cm 2 , was started. 

The duration of the growth process at the process conditions was 1 -2 weeks. 
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The reactor was then initially slowly cooled down and then further (fast) 
cooled down to the room temperature (RT). Alternatively, the seeds were 
slowly pulled out of the molten alloy at the process conditions. As the result of 
the process, the increment of the surface area of the seed crystals (measured 
5 in the C-plane of the crystal) by ca. 20% was observed. The GaN single 
crystals obtained in the process were stored for further measurements and 
use. 

Example 2 (diffusion flux process) 

A mixture of metallic gallium and lithium was placed in a high- 

10 temperature reactor (Fig. 1 ) in a molybdenum crucible (A), having the volume 
of 250cm3. Additional flux selected from a group consisting of In, K, Na, Pb, 
Rb, Sb, Sn and Te was also added to the system, in such an amount that the 
molar ratio of X:Ga:Li in the performed experiments between 0.5:1.0:1.5 and 
1 .5:1 .0.z.b. I he mixture was neatea in tne argon (Ar) atmosphere until 

15 average temperature of ca. 780°C was reached, wherein the temperature in 
the upper part of the crucible was by several dozen degrees centigrade lower 
than the average temperature, while the temperature in the lower part of the 
crucible was by several dozen degrees centigrade higher than the average 
temperature. As the result - an alloy of the aforementioned metals of the 

20 given molar ratio of X:Ga:Li was obtained. After one day the temperature 
gradient in the nn.icihle was reversed and the atmosphere was changed to 
nitrogen (N2) under the pressure of 2.3MPa. Such temperature and pressure 
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conditions in the reactor were then maintained for the next several days. Then 
the process of growth of mono-crystalline gallium nitride on the seed crystals 
(B), in the form of mono-crystalline wafers obtained as described in Example 
1 , oriented essentially perpendicularly to the c axis of the crystal and having 
the surface area of the section perpendicular to the c axis from 0.25 to 4cm 2, 
was started. The seeds were placed in the lower part of the crucible. The 


10 


duration of the growth process at the process conditions was 1-2 weeks. The 
reactor was then initially slowly cooled down and then further (fast) cooled 
down to the room temperature (RT). Alternatively, the seeds were slowly 
pulled out of the molten alloy at the process conditions. As the result of the 
process, the increment of the surface area of the seed crystals (measured in 
the C-plane of the crystal) by ca. 10% was observed. The GaN single crystals 
obtained in the process were stored for further measurements and use. 


15 


hxample 3 (convection flux process) 

A mixture of metallic gallium and lithium was placed in a high- 
temperature reactor (Fig. 1) in a molybdenum crucible (A), having the volume 
of 250cm3. Additional flux selected from a group consisting of In, K, Na, Pb, 
Rb. Sb. Sn and Te was also added to the svstem. in such an amount that the 


20 


molar ratio of X:Ga:Li in the performed experiments between 0.5:1.0:1.5 and 
1.5:1.0:2.5. In addition, GaN-containing feedstock (C) was put at the bottom 

nf thp rrnrihlP ThP miYtnrP wne hpatprl in thp arnnn (Ar\ ot mn c;nhPrA until 


average temperature of ca. 780°C was reached, wherein the temperature in 
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the upper part of the crucible was by several dozen degrees centigrade lower 
than the average temperature, while the temperature in the lower part of the 
crucible was by several dozen degrees centigrade higher than the average 
temperature. As the result - an alloy of the aforementioned metals of the 
given molar ratio of X:Ga:Li was obtained. After one day the atmosphere was 
changed to nitrogen (N2) under the pressure of 2.3MPa. Such temperature 


10 


and pressure conditions in the reactor were then maintained for the next 
several days. Then the process of growth of mono-crystalline gallium nitride 
on the seed crystals (B), in the form of mono-crystalline wafers obtained as 
described in Example 1, oriented essentially perpendicularly to the c axis of 
the crystal and having the surface area of the section perpendicular to the c 
axis from 0.25 to 4cm2, was started. The seeds were placed in the upper part 
of the crucible. The duration of the growth process at the process conditions 


15 


was 1-2 weeks. I he reactor was then initially slowly cooled down and then 
further (fast) cooled down to the room temperature (RT). Alternatively, the 
seeds were slowly pulled out of the molten alloy at the process conditions. As 
the result of the process, the increment of the surface area of the seed 
crystals (measured in the C-plane of the crystal) by ca. 25% was observed. 


20 


The GaN single crystals obtained in the process were stored for further 
measurements and use. 


According to the disclosure of WO 02/101120, dissolution zone of a 
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600cm 3 high-pressure autoclave (Fig. 3 and Fig. 4) was charged with gallium- 
containing feedstock, seeds, mineralizer and ammonia. The seeds were 
gallium nitride single crystals, in the form of mono-crystalline wafers obtained 
as described in Example 1, oriented essentially perpendicularly to the c axis 
5 of the crystal and having the surface area of the section perpendicular to the 
c axis from 0.25 to 4cm2. Metallic sodium was used as the mineralizer. The 
feedstock was placed in the dissolution zone, while the seeds were mounted 
in the crystallization zone (Fig. 3). The crystallization process on the seeds 
was carried out under constant temperature conditions of T2 = 550°C in the 

10 crystallization zone and T1 = 500°C in the dissolution zone. This temperature 
distribution inside the autoclave was maintained for 16 days (Fig. 2). At such 
conditions the pressure within the autoclave was ca. 390MPa. As the result of 
the process, partial dissolution of the feedstock in the dissolution zone and 
growth or mono-crystalline gallium nitride layers on Doth sides ot eacn seed in 

15 the crystallization zone was observed. The total thickness of the re- 
crystallized layers (measured along the c axis of the crystal) was ca. 1200pm 
(on each seed). The GaN single crystals obtained in the process were stored 
for further measurements and use. 

Example 5 (crystallization from supercritical ammonia-containing solution) 
20 Procedures as described in Example 4 were followed except that 

instead of metallic sodium - a) metallic lithium, b) sodium azide or c) sodium 
bromide was used as the mineralizer. After 16 days of the process the growth 
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of mono-crystalline gallium nitride layers on both sides of the seed in the 
crystallization zone was observed. The total thickness of the re-crystallized 
layers (measured along the c axis of the crystal) was ca. a) 380um, b) 840um 
and c) 530um, respectively. The GaN single crystals obtained in the process 
were stored for further measurements and use. 

Example 6 (crystallization from supercritical ammonia-containing solution) 


10 


Procedures as described in Example 4 were followed and the seeds 
used had the form of mono-crystalline wafers oriented essentially 
perpendicularly to the c axis of the crystal and having the surface area of the 
section perpendicular to the c axis from 0.25 to 4cm2, while the these wafers 
had the shape of squares or isosceles triangles. As the result of the process, 
partial dissolution of the feedstock in the dissolution zone and growth of 
mono-crystalline gallium nitride layers on faces parallel to the c axis of the 


15 


crystal as well as on u races ot the crystal on each seed in the crystallization 
zone was observed. The total thickness of the re-crystallized layers 
(measured perpendicularly to the c axis of the crystal) was ca. 2mm, while the 
total thickness of the re-crystallized layers (measured along the c axis of the 
crystal) was ca 1200um (on each seed). The GaN sinale crvstals obtained in 


20 


the process were stored for further measurements and use. 

Example 7 (crystallization from supercritical ammonia-containing solution) 


sodium bromide was used as the mineralizer, instead of metallic sodium. The 
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seeds seed crystals in the form of mono-crystalline wafers oriented 
essentially perpendicularly to the c axis, having hexagonal shape with six 
planes parallel to the c axis of the crystal and having the surface area of the 
section perpendicular to the c axis from 0.25 to 4cm2 were used. After 16 
days of the process the growth of mono-crystalline gallium nitride layers on all 
faces parallel to the c axis on each seed in the crystallization zone was 


10 


observed. The total thickness of the re-crystallized layers (measured 
perpendicularly to the c axis of the crystal) was ca. 1 100pm. The GaN single 
crystals obtained in the process were stored for further measurements and 
use. 

Example 8 (crystallization from supercritical ammonia-containing solution) 

Procedures as described in Example 4 were followed except that 
during crystallization step the temperature in the crystallization zone was T2 = 


15 


000°C and in Uie dissolution zone the temperature was 11 = 450°C. The 
seeds used had the form of mono-crystalline wafers oriented essentially 
perpendicularly to the c axis of the crystal and having the surface area of the 
section perpendicular to the c axis from 0.25 to 4cm2, while the wafers had 
the shape of squares or isosceles triangles and at least one of the side 


20 


planes was parallel to the A plane of the crystal. As the result of the process, 
partial dissolution of the feedstock in the dissolution zone was observed and 

OrOWth Of monO-CrVStalline aallium nitridf? Ia\z<=rs nn far.exs narallol *r> tho r- -avic 


of the crystal, of ca. 400|jm in thickness on each seed (measured 



WO 2005/121415 PCT/JP2005/011093 
43 


5 


perpendicularly to the c axis of the crystal), as well as on both C faces of 
each seed, the total thickness of the re-crystallized layers (measured along 
the c axis of the crystal) being ca 700um on each seed. The GaN single 
crystals obtained in the process were stored for further measurements and 
use. 

Example 9 (crystallization from supercritical ammonia-containing solution) 


10 


Procedures as described in Example 6 were followed except that 
during re-crystallization stage, after the system reached the target 
temperatures of T2 = 550°C in the crystallization zone and T1 = 500°C in the 
dissolution zone, respectively, the temperature T1 in the dissolution zone was 

DSiny crianycQ poriuuiocjny i r i uit; icuiyt; ouu h-vju o-, win its u ic i ipt*i aiui ^ ■ ^- 

in the crystallization zone was being changed periodically in the range 550- 
500°C in such a way that the crystallization zone was always the warmer one. 


15 


This way the growth of crystals perpendicular and paiallel lu 11 ie o axis was 
stimulated. After 16 days of the process the growth of mono-crystalline 
gallium nitride layers on all faces parallel to the c axis as well as on C faces of 
the crystal on each seed in the crystallization zone was observed. The total 
thickness of the re-crystallized layers (measured along the a axis, i.e. 


20 


perpendicularly to the c axis of the crystal) was ca. 900pm and the total 
thickness of the re-crystallized layers (measured along the c axis of the 
r.rvstah was also ca 900um. The GaN sinale crvstals obtained in the process 


were stored for further measurements and use. 
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The crystals which were obtained in examples 1-9 were estimated. 
Those crystals high crystalline quality, low level of crystalline lattice deflection 
(long curvature radius of wafers), preferable values of FWHM rocking X-ray 
curve from (0002) below 60arcsec, and in more preferable examples 
(Example 6) below 40arcsec. The inventors discovered that the suggested 
techniques of single crystal growth are not limited either in terms of 


10 


equipment or materials which could essentially lower possibilities of obtaining 
large-sized single crystals. 

Use of proper (preferably alternate) combinations of growth of gallium 
nitride crystal perpendicularly to the c axis (examples 1-3 and 6-9) and 
parallel to the c axis (examples 4-6 and 8-9) allows to obtain gallium- 
containing nitride single crystals of the volume of 2.5cm 3 and the surface face 
area in C plane of about 5cm 2 . Such crystals, due to their high crystalline 


15 


quality and dimensions, may be sliced into waters, and men used as the 
substrate for nitride based opto-electric semiconductor devices. Such wafer 
may have any orientation, and have either polar or non-polar faces. The cut 
may be done in a desired direction with respect to the growth of the single 
nn/stal In nartioular the cut essentiallv oriented toward the growth of the 


single crystal assures additional reduction of surface dislocation density. 
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CLAIMS 

1 . Bulk mono-crystalline gallium-containing nitride, grown on the seed 
at least in the direction essentially perpendicular to the direction of the seed 
growth, essentially without propagation of crystalline defects as present in the 
seed, having the dislocation density not exceeding 10 4 /cm 2 and considerably 
lower compared to the dislocation density of the seed, and having a large 


10 


curvature radius of the crystalline lattice, preferably longer than 15m, 
more preferably longer than 30m, and most preferably of about 70m, 
considerably longer than the curvature radius of the crystalline lattice of the 
seed. 

2. Bulk mono-crystalline gallium-containing nitride grown on the seed, 
at least in the direction essentially perpendicular to the direction of the seed 
growth, essentially without propagation of crystalline defects as present in the 


15 


seed, having the FWHM of X-ray rocking curve from (0002) plane, preferably 
below 40arcsec (for Cu K od) and considerably lower than the FWHM of the 
seed with simultaneous long curvature radius of the crystalline lattice, 
preferably longer than 15m, more preferably longer than 30m, and most 


20 


preferably of about 70m, out isidei ably lunger than the curvature radius of the 
crystalline lattice of the seed. 

3. The single crystal according to claim 1 or 2, characterized in that it is 


aopea witn donor-type and/or acceptor-type, and/or magnetic-type dopants, 
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at the concentration from 10 17 /cm 3 to 10 21 /cm 3 , and comprises n-type, p-type 
or compensated (semi-insulating) material. 

4. The single crystal according to one of the claims from 1 to 3, grown 
in the environment and in the conditions in which the growth rate in the 
direction perpendicular to the c axis, and in particular along the a axis, is the 
same or higher than the growth rate in the direction parallel to the c axis of 


10 


the single crystal. 

5. The single crystal according to any one of the claims from 1 to 4 
being a gallium nitride single crystal. 

6. The wafer of any orientation, having polar or non-polar surfaces, 
obtained as a single crystal according to claim 1 or cut out from such single 
crystal, whereas the cut is made in a desired direction with respect to the 
direction of growth of the single crystal. 


15 


7. The wafer accoraing to claim t>, characterized in that its surface 
dislocation density is additionally reduced as the result of slicing in the 
direction essentially parallel to the direction of growth of the single crystal. 

8. The wafer according to claim 6 or 7, characterized in that it has 
further-processable non-polar surfaces. 


23 


9. The wafer according to claim 6 or 7, characterized in that it has 
further-processable polar surfaces. 
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10. The use of a wafer according to claim 6 as a substrate for epitaxial 
deposition of semiconductor structures made of nitrides of elements of Group 
XIII. 

1 1 . The substrate for epitaxial deposition of semiconductor structures 
made of nitrides of elements of Group XIII, obtained as single crystal 
according to claim 1 or being the wafer according to claim 6 or 7, in particular 


10 


suitable for manufacturing of semiconductor structures requiring a nitride 
substrate of sufficiently low surface dislocation density, especially at the 
Group XIII element-terminated side, having the epitaxial surface not smaller 
than 100mm 2 , preferably not smaller than 450mm 2 . 

12. Semiconductor structures deposited on the substrate according to 
claim 11. 

13. A method of preparing a bulk mono-crystalline gallium-containing 


15 


nitride, grown on a seed at least in the direction essentially perpendicular to 
the direction of the seed growth, essentially without propagation of crystalline 
defects as present in the seed, having the dislocation density not exceeding 
10 4 /cm 2 and considerably lower compared to the dislocation density of the 
seed, and having a large curvature radius of the crystalline lattice 


20 


preferably longer than 15m, more preferably longer than 30m, and most 
preferably of about 70m, considerably longer than the curvature radius of the 
crvstalline lattir.fi nf the se<=>rt 
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which comprises a first step of growing the bulk mono-crystalline 
gallium-containing nitride in a direction perpendicular to C-axis of the seed by 
a Flux method and; 

a second step of growing the bulk mono-crystalline gallium-containing 
nitride in a direction of C-axis of the seed by an Ammono method. 

14. The method of preparing a bulk mono-crystalline gallium-containing 


10 


nitride according to claim 13, wherein a Flux method is used for growing the 
bulk mono-crystalline gallium-containing nitride in a direction of A or M-axis of 
the seed. 

15. The method of preparing a bulk mono-crystalline gallium-containing 
nitrids sccording to claim 13, wherein the first step and the second step are 
carried out repeatedly. 

16. The method of preparing a bulk mono-crystalline gallium-containing 


15 


iiilndy accuiding to claim 13, wherein the Flux method is a method ot growing 
the bulk mono-crystalline gallium-containing nitride from liquid mixture of 
metals containing lithium and gallium together with additional flux selected 
from the group consisting of Bi, In, Pb, Rb, Sb, Sn and Te. 

17. The method of preparing a bulk mono-crystalline qallium-containina 


20 


nitride according to claim 13, wherein the Ammono method is a method of 
growing a bulk mono-crystalline gallium-containing nitride in a super-critical 
solution containina Nitroaen 
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